The concepts of steric energy, steric potential, and steric charge are introduced within the density functional theory framework. The steric energy, representing a hypothetical state with all electrons packed into the lowest orbital and other effects entirely excluded, is a measure of the intrinsic space occupied by an electronic system. It is exclusive, repulsive, and extensive, and it vanishes for homogeneous electron gas. When Bader's zero-flux boundary condition is adopted, atoms in molecules are found to achieve balanced steric repulsion among one another with vanished steric energy density interfaces. A few molecular systems involving conformation changes and chemical reactions have been investigated to examine the relative contribution of the steric and other effects, providing insights for a few controversial topics from a different perspective. ͑AIM͒ approach revealed. A few molecular systems involving conformation change, chemical reaction, and the anomeric effect will be investigated to examine the relative contribution of the steric and other effects, providing insights for a few controversial topics from a different perspective. An admissible definition of the steric effect needs to show that the effect is repulsive in nature and extensive in size. It must be repulsive because it relates to the occupied space, and overlap with others will result in objection. It must be extensive in order to conform to the notion that the bulkier the system, the larger the steric effect. Meanwhile, although the steric effect pertains to the space undertaken by an atom or molecule, others such as quantum and electrostatic effects also contribute to the constitution of a molecular framework. The contribution from the quantum effect 5, 6 comes from the Pauli exclusion principle ͑Fermi hole͒ 7 and dynamic electron correlation effect ͑Coulomb hole͒, 8,9 preventing both same-spin and opposite-spin electrons from coming together. Electrostatic interactions such as classical electron-electron and nuclear-nuclear Coulomb repulsions keep both electrons and nuclei in a molecule in check and thus also contribute to the composition of the molecular scaffold. To be exclusive, a pertinent depiction of the steric effect should be able to set aside the shares from other effects. Now, we start with the exclusiveness hypothesis by assuming that the total energy density functional of an atom and molecule can alternatively be partitioned as
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Steric effect is one of the most widely used concepts in chemistry.
1 It originates from the fact that each atom in a molecule occupies a certain amount of space. When atoms are brought together, hindrance will be induced in the expense of shape, energy, reactivity, etc. While qualitative reference to the steric effect is commonplace in the literature, a satisfactory quantification is still lacking. Here, we propose a quantitative description for the effect from the framework of density functional theory ͑DFT͒. 2, 3 Its appealing properties are illustrated and relevant to Bader's atoms in molecules 4 ͑AIM͒ approach revealed. A few molecular systems involving conformation change, chemical reaction, and the anomeric effect will be investigated to examine the relative contribution of the steric and other effects, providing insights for a few controversial topics from a different perspective. An admissible definition of the steric effect needs to show that the effect is repulsive in nature and extensive in size. It must be repulsive because it relates to the occupied space, and overlap with others will result in objection. It must be extensive in order to conform to the notion that the bulkier the system, the larger the steric effect. Meanwhile, although the steric effect pertains to the space undertaken by an atom or molecule, others such as quantum and electrostatic effects also contribute to the constitution of a molecular framework. The contribution from the quantum effect 5, 6 comes from the Pauli exclusion principle ͑Fermi hole͒ 7 and dynamic electron correlation effect ͑Coulomb hole͒, 8, 9 preventing both same-spin and opposite-spin electrons from coming together. Electrostatic interactions such as classical electron-electron and nuclear-nuclear Coulomb repulsions keep both electrons and nuclei in a molecule in check and thus also contribute to the composition of the molecular scaffold. To be exclusive, a pertinent depiction of the steric effect should be able to set aside the shares from other effects. Now, we start with the exclusiveness hypothesis by assuming that the total energy density functional of an atom and molecule can alternatively be partitioned as
where E s ͓͔, E e ͓͔, and E q ͓͔ stand for the independent energy contribution from the steric, electrostatic, and quantum effects, respectively. In DFT, 2, 3 we know that
where T S ͓͔, V ne ͓͔, J͓͔, V nn ͓͔, and E xc ͓͔ represent the noninteracting kinetic, nuclear-electron attraction, classical interelectron Coulomb repulsion, nuclear-nuclear repulsion, and exchange-correlation energy density functionals, respectively. Three terms in Eq. ͑2͒, V ne ͓͔, J͓͔, and V nn ͓͔, are of the electrostatic nature. Hence,
For the quantum contribution, there are two sources. One is from E xc ͓͔ and the other from the noninteracting kinetic energy T S ͓͔, 
The Pauli energy E Pauli ͓͔ represents the portion of the kinetic energy that embodies all the effects from the antisymmetric requirement of the total wave function by the Pauli exclusion principle [10] [11] [12] [13] [14] . Notice that there is also a kinetic counterpart of the dynamic correlation effect, T c ͓͔, already included in E xc ͓͔. 2, 3, [16] [17] [18] Put together,
With Eqs. ͑1͒-͑3͒ and ͑5͒, there comes our definition of the steric energy, Physically speaking, if electrons in an atom or molecule were bosons, they would be squeezed into the lowest orbital in the ground state. Assuming that the electron density of the hypothetical state is the same as the Fermion state ͑r͒, the total wave function of the state will simply be ͱ͓͑r͒ / N͔ ͑N being the number of electrons͒. Excluding electrostatic and quantum contributions, the total energy of the conjectural system is then T W ͓͔. The space withheld by the state and represented by E s ͓͔ is hence an intrinsic property of the system. In this regard, E s ͓͔ is a measure of the intrinsic dimensions upheld by the system with the contributions from other effects, quantum and electrostatic, completely excluded. In addition, the definition is consistent with the original Weisskopf's attribution 5 of the steric effect to the "kinetic energy pressure" because T W ͓͔ is one kinetic energy.
The following properties of the above definition are in order. The steric energy E s ͓͔ is a universal density functional, always a lower bound to the true kinetic energy [19] [20] [21] and always nonnegative. Given the nature of the atomic and molecular electron density, 22-24 the steric energy density, 1/8͉᭞͑r͉͒ 2 / ͑r͒, is nowhere negative in space. Secondly, E s ͓͔ is extensive. That is, the larger the system, the larger the steric energy. This is because the steric energy density functional is homogeneous of degree 1 in density scaling, 2, 16, 25 satisfying
In other words, E s ͓␥͔ = ␥E s ͓͔ for 0 ഛ ␥ ഛ 1. For homogeneous electron gas, 2,3 where the density is everywhere uniform with ᭞͑r͒ = 0, the steric energy is zero, indicating that there ͑correctly͒ exists no steric repulsion in homogeneous electron gas. For one-electron cases 23 such as H and H 2 + , one has E s =−E, showing that the value of the steric and total energies is the same but the two quantities have opposite signs. More importantly, if Bader's definition of the zero-flux boundary condition 4 is adopted, the concept of atoms in a molecule can then be established with the characteristic that the atoms are interfaced with each other with the surface of a vanished steric energy density, exhibiting that atoms in a molecule acquire balanced steric repulsion among one another.
We introduce the steric potential s ͑r͒ as the functional derivative of the steric energy E s ͓͔ with respect to the total electron density,
and the steric charge q s ͑r͒, obeying
It can readily be shown that s ͑r͒ is no longer positive everywhere. Though singular at the nuclear cusp, 27 it approaches to the finite number −I, ionization potential, asymptotically. 28 Also, the total steric charge is zero, ͐q s ͑r͒dr = 0. At the zero-flux boundary, 4 where the steric energy density vanishes, the steric potential in Eq. ͑8͒ is dictated by the only term of the density Laplacian, ᭞ 2 ͑r͒, suggesting that this quantity can play vastly important roles in chemical processes as have already been showcased by Bader et al.. 4, 29 Figure 1 as illustrative example shows contour plots of the steric energy density and steric potential for the benzene molecule. The steric energy density is shown to be nonnegative and preserves the shape of the molecule, whereas for the steric potential it is repulsive ͑gray colored͒ near the nuclear and bonding regions and becomes attractive ͑dark colored͒ outside. The shape of both the repulsive and attractive domains resembles that of the molecule that they encompass.
A prompt application of the present description is to analyze the relative importance of the three energy components in Eq. ͑1͒ for the process of isomer conformation changes and chemical reactions. 30 There continues to be a lot of controversy in the literature. [31] [32] [33] Our present work provides insights from a rather different perspective. Table I shows some of the results for a few molecular systems.
Our first example is the protonated methane 34 CH 5 + , which is known to have a few isomers. The two most stable conformations are C s ͑I͒ and C s ͑II͒. From Table I , we find that the energy difference between the two is dominated by the steric hindrance. Our next example is about the two conformers, eclipsed and staggered, of ethane, [31] [32] [33] where we notice that the energy difference between them comes from the positive contribution of electrostatic and steric interactions, with the latter larger in magnitude, indicating that the eclipsed conformer possesses larger steric repulsion. The negative contribution comes solely from the quantum effect. For the same two conformers of n-butane, however, the situation is different, with electrostatic and steric effects contributing negatively and the dominant factor from the quantum effect. 35 Other systems that we have looked into include different categories of chemical bonds, transition states, and the anomeric effect. In H 2 , as shown in the table, when two hydrogen atoms get closer, more steric repulsion is induced, but it is compensated by stronger quantum and electrostatic interactions. The same is true in the F-F bond formation for F 2 dimer, but as the two F atoms get too close, the electrostatic interaction becomes repulsive and the dominant contribution comes exclusively from the quantum effect. For the ionic bond formation, taking Na-Cl as an example in Table I , steric and electrostatic effects are positively contributed to compensate the negatively contributed quantum effect. We next consider the homogeneous dimer of two noble atoms, He-He and Ne-Ne. One finds that the quantum effect dominates the negative interaction energy as the two atoms get closer, consistent with the findings that van der Waals interactions are of quantum nature. [36] [37] [38] [39] For the breakdown of BH 3 -CO and H 2 O-Li + complexes, we found that electrostatic interactions play a minor role, the dominant term is the positive contribution from the steric effect and the quantum effect is a hindrance.
When a chemical reaction takes place, the three components in Eq. ͑1͒ contribute differently to the barrier height of the transition state. Table I also displays the analysis for three reactions, S N 2 nucleophilic self-exchange reaction of Cl − +CH 3 Cl, HCHO conversion to H 2 + CO, and HCN ⇔ HNC isomerization. We found that different components become dominant in different reactions. For example, electrostatic interactions control the barrier height of the HCHO conversion reaction, whereas in the S N 2 reaction the steric and quantum effects are the controlling factors.
Our last example in Table I is concerned with the anomeric effect. 40 We first consider fluorine substituted cyclohexane. The energy difference between the two conformers where F is in axial and equatorial positions, respectively, is mainly governed by the quantum and steric effects, confirming that it is really a stereoelectronic effect. However, the steric contribution is negative and quantum contribution is positive, indicating that there is less steric hindrance in the axial position. When a neighboring carbon atom is replaced by oxygen, the anomeric effect will come into play. 40 As shown in the last row of the table, the dominant factors are changed to the electrostatic and steric interactions, with the positive contribution from steric repulsion and negative one from the electrostatic interaction. In our view, this effect is really of stereoelectrostatic nature with little contribution from the quantum effect. The conformer with the fluorine atom in the axial position in this case is found to have larger steric repulsion.
We anticipate that the concepts proposed in this work can readily be applied to other systems, especially those with regioselective, diastereoselective, and enantioselective characteristics and ones with stereoelectronic effects in play. With Bader's zero-flux boundary condition, one can unambiguously characterize the atomic contribution of the energy components in Eq. ͑1͒. It is also possible to decompose their corresponding potential and charge into atomic contributions.
A few theoretical developments are also possible. First, with the quantum energy in Eq. ͑5͒, one can similarly define the quantum potential q ͑r͒ and quantum charge͑r͒ with the help that 2,3,41
where is chemical potential and eff KS ͑r͒ is the effective Kohn-Sham potential 2,3 eff KS ͑r͒ = ext ͑r͒ + J ͑r͒ + xc ͑r͒, ͑11͒
where ext ͑r͒, J ͑r͒, and xc ͑r͒ denote the functional derivative of V ne ͓͔, J͓͔, and E xc ͓͔ in Eq. ͑2͒, respectively. With Eqs. ͑5͒, ͑10͒, and ͑11͒, one has 
͑16͒
It is worthwhile to investigate the relative importance of the three terms in Eq. ͑15͒ in chemical processes. The same idea applies to other DFT indices. 43 One can also perform the same analysis at the atomic level of resolution with the help of Bader's zero-flux boundary condition.
Although we restrict ourselves only to systems in the ground state, extension of the present work to condensed phases, excited states, multiplets, and time-dependent systems is straightforward.
In summary, a quantitative description of the steric effect in terms of steric energy, steric potential, and steric charge has been proposed in the present work within the DFT framework. We introduce the Weizsäcker kinetic energy as the measure of the intrinsic space occupied by an atom or molecule. It is the total energy of a postulated state where all electrons are squeezed into the lowest orbital and all other effects are completely omitted. It has been shown that besides being exclusive, the steric energy is repulsive and extensive, and it vanishes for the homogeneous electron gas. When Bader's zero-flux boundary condition is adopted, the concept of atoms in molecules will be established with the feature that the atoms maintain balanced steric repulsion with one another by sharing the surface of a vanished steric energy density. We have applied the idea to a number of systems involving conformation changes, chemical reactions, and the anomeric effect. Our results provide insights from a different perspective on a number of controversial topics. Other possible applications and developments have also been outlined.
We conclude by noting in passing that there is no physically observable variable associated with the steric effect and thus, quantum mechanically speaking, it is a noumenon, [44] [45] [46] [47] [48] [49] an object, though chemically significant and conceptually relevant in understanding the behavior of molecules, of purely rational apprehension and intellectual intuition. Indeed, any energy decomposition scheme that employs an atomic picture has the difficulty in defining local energies or, more generally, local properties of an operator. [50] [51] [52] [53] [54] [55] For this reason, other quantitative descriptions of the effect, such as the one 6, 32 employing the Pauli exclusion principle as the characterization, are quite likely. In our current approach, we assumed the validity of the exclusiveness hypothesis of the total energy partition, Eq. ͑1͒. All contributions from the Pauli exclusion principle are categorically included into the quantum effect. Besides this fundamental difference between the two descriptions, attractive properties from our present approach, such as repulsiveness and extensiveness as well as its link to Bader's AIM method, have been revealed. In addition, we provided an explicit and self-consistent definition for the energy, potential, and even charge associated with the steric effect, which can afford a wealth of in-depth information about different chemical processes. Despite these rudimentary differences, a systematic comparison between the two descriptions is of interest, whose results will be reported elsewhere.
